Cytoskeletal structures are dynamically remodeled with the aid of regulatory proteins. FtsZ (filamentation temperature-sensitive Z) is the bacterial homolog of tubulin that polymerizes into rings localized to cell-division sites, and the constriction of these rings drives cytokinesis. Here we investigate the mechanism by which the Bacillus subtilis cell-division inhibitor, MciZ (mother cell inhibitor of FtsZ), blocks assembly of FtsZ. The X-ray crystal structure reveals that MciZ binds to the C-terminal polymerization interface of FtsZ, the equivalent of the minus end of tubulin. Using in vivo and in vitro assays and microscopy, we show that MciZ, at substoichiometric levels to FtsZ, causes shortening of protofilaments and blocks the assembly of higher-order FtsZ structures. The findings demonstrate an unanticipated capping-based regulatory mechanism for FtsZ.
T he discovery that bacteria have actin-, tubulin-, and intermediate filament-like proteins demonstrated that the cytoskeleton is an ancient invention, predating the divergence between prokaryotes and eukaryotes (1) . The GTPase FtsZ (filamentation temperature-sensitive Z) was the first prokaryotic protein to be recognized as a cytoskeletal element (2, 3) . FtsZ is a tubulin-like protein, which is widely conserved in bacteria and the main component of the bacterial cytokinesis machine, or "divisome." FtsZ self-assembles into single-stranded protofilaments and these associate further inside cells to form a superstructure known as the Z ring (4, 5) . FtsZ alone can generate a constriction force to initiate division (6) . The Z ring also provides a scaffold onto which several other components of the divisome-mostly cell wall synthesizing enzymes-are recruited and oriented so as to build the division septum, a cross-wall separating a progenitor cell into two isogenic daughter cells (7) .
FtsZ and tubulin share several essential properties: their assembly is cooperative, stimulated by GTP, and leads to GTP hydrolysis; they form dynamic polymers whose turnover is dependent on nucleotide hydrolysis (8) ; they use essentially the same bond for polymer formation (9) ; and recent evidence indicates that they undergo similar allosteric transitions upon polymerization (10, 11) . Not surprisingly, however, the functional specialization of these proteins led to some significant differences between them, the most prominent being that FtsZ exists as single protofilaments, whereas tubulin always adopts a multifilament tubular structure. This difference in their higherorder structure implies that the reactions that lead to cooperativity and subunit turnover are likely different. It has also represented a significant technical challenge for the study of FtsZ. Because FtsZ filaments are smaller than the resolution of optical microscopy, so far it has been impossible to determine essential properties associated with its dynamic behavior.
Similarly to actin filaments and microtubules, the assembly of FtsZ protofilaments into a Z ring is regulated by a number of proteins that bind directly to FtsZ and modulate its polymerization (4) . Among these proteins, negative modulators have attracted the most attention because of their crucial role in determining when and where a Z ring should form. The strikingly precise positioning of the division site in rod-shaped bacteria, such as Escherichia coli and Bacillus subtilis, is because of the combined action of Min and nucleoid occlusion systems, two negative modulators that work together to ensure that the Z ring will be formed only at midcell. The Min system, whose core component is the polarly localized MinCD complex, prevents the Z ring from forming at the cell poles, reducing the chances of minicell formation (12, 13) . The nucleoid occlusion system, in turn, is based on DNA binding proteins (Noc in B. subtilis and SlmA in E. coli) that recognize specific sequence signatures and inhibit Z ring formation around the bacterial chromosomes (14) (15) (16) . The combination of Min and nucleoid occlusion inhibition prevent division from happening at the cell poles and over the chromosomes, leaving only the central region of the cell free for Z-ring formation. Min/nucleoid occlusion also provide a means to regulate the cell-cycle timing of Z-ring formation because the creation of an inhibitor-free zone at midcell depends on proper DNA replication and segregation. Another well-studied FtsZ modulator is the checkpoint protein SulA (suppressor of Lon A), which makes bacterial cytokinesis responsive to environmental Significance Division of bacteria is executed by a contractile ring whose cytoskeletal framework is FtsZ (filamentation temperaturesensitive Z), a protein evolutionarily related to eukaryotic tubulin. The FtsZ ring is made of filaments of head-to-tail FtsZ subunits but its architecture and the rules governing its assembly are still poorly known. Here we show that MciZ, an inhibitor of FtsZ ring formation, functions by capping the minus end of FtsZ filaments. Capping by MciZ makes FtsZ filaments shorter than normal, likely by blocking filament annealing; this represents fundamental information to understand how FtsZ filaments grow and shrink, and attain their normal size. The powerful inhibition of Z-ring assembly by MciZ also suggests that an FtsZ ring cannot form from filaments smaller than a certain size.
stresses. SulA is expressed in response to DNA damage as part of the SOS system in E. coli and halts Z-ring formation and cell division until DNA damage is repaired by the cell (17, 18) . More recently, other negative modulators of FtsZ have been reported whose function is to control cytokinesis in response to the nutritional [UgtP (19) , KidO (20) , and OpgH (21) ] and developmental [MciZ (mother cell inhibitor of FtsZ) (22) and Maf (23) ] state of the cell.
Eukaryotic cytoskeletal modulators use a variety of strategies to achieve their effect, including nucleation, monomer sequestration, filament capping, and severing (24, 25) . The conservation of the structure and principles that govern cytoskeletal filament formation suggest that the general mechanisms operating in eukaryotes should also be present in prokaryotes. However, little is known about the molecular details of how modulators affect FtsZ assembly. SulA is one of the few inhibitors whose mechanism has been studied in detail. The crystal structure of SulA in complex with FtsZ showed that it binds to the C-terminal polymerization interface of FtsZ (26) . In addition, in vitro experiments demonstrated that SulA inhibits FtsZ polymerization by a simple sequestration mechanism (27, 28) .
Here we focused on MciZ (mother cell inhibitor of FtsZ), a poorly understood 40-aa peptide discovered in a yeast twohybrid screen for FtsZ binding partners (22) . MciZ is an intriguing example of a developmentally regulated division inhibitor. It is expressed during sporulation in B. subtilis and blocks Z-ring formation after cells commit to the terminally differentiated spore fate. Although it has been shown that MciZ directly inhibits FtsZ polymerization in vitro (22, 29) , the nature of its interaction with FtsZ and its inhibition mechanism are still unknown. We determined the crystal structure of MciZ in complex with FtsZ from B. subtilis and, by using fluorescence and electron microscopy as well as biochemical experiments, showed that MciZ binds to the C-terminal subdomain of FtsZ and acts as a capper of the minus end of FtsZ filaments. Minus-end capping is an unusual way to inhibit filament formation and indicates that annealing plays an important role in FtsZ filament dynamics.
Results
Crystal Structure of the FtsZ:MciZ Complex. To investigate the mechanism of MciZ inhibition, we first determined the crystal structure of the FtsZ:MciZ complex to a resolution of 3.2 Å. We coexpressed his-tagged MciZ (His 6 -MciZ) and a truncated version of FtsZ that included only the globular portion of the protein (FtsZ ) in E. coli and purified the complex by metal affinity and gel-filtration chromatographies. As expected from the high affinity of MciZ for FtsZ (K d of 150 ± 10 nM, measured by tryptophan fluorescence) (Fig. S1A) , the complex was very stable; it could be produced with high purity in milligram quantities and it crystallized under standard conditions. Crystals belonged to space group P6 5 22 and displayed nine FtsZ:MciZ complexes in the asymmetric unit (only one will be described for clarity, FtsZ:A and MciZ:J). In FtsZ, residues 203-208 and 219-220 could not be modeled in the map potentially because of inherent flexibility. Our FtsZ structure has no guanine nucleotide bound. MciZ (residues 2-37) folds into a β-hairpin followed by a loop, an α-helix, and a helical turn. It binds to the C-terminal subdomain of FtsZ by aligning with FtsZ's C-terminal β-sheet through hydrogen bonds established between β9 of FtsZ and β2 of MciZ, thus generating a six-stranded β-sheet (Fig. 1A) . This mode of protein-protein interaction, generally termed β-strand addition, is found in diverse protein complexes (30) .
Binding of MciZ to FtsZ leads to significant restructuring of MciZ's N-terminal region, as seen by comparing its structure in the crystallized complex with the structure of the free peptide in solution, determined by 1 H NMR (Fig. 1B) . Free MciZ displays the same segments of α-helix as the complexed peptide (amino acids 16-27 and 32-35) but its N terminus is unstructured (Fig. 1B) . This N terminus thus becomes structured into two β-segments upon interaction with β9 of FtsZ, as noted above. The C terminus of MciZ is unstructured in both the free and bound forms.
Binding of MciZ buries a solvent-accessible area on FtsZ of 188 Å 2 . In addition to the backbone hydrogen bonds involved in the β-sheet extension, hydrophobic interactions between helices H1 of MciZ and H10 of FtsZ, and between H1/β2 of MciZ with H10/β9 of FtsZ could stabilize the interaction (Fig. S1B ). Recognition between FtsZ and MciZ is further strengthened by a salt bridge between the carboxylate of Asp280 of FtsZ and the guanidinium group of Arg20 of MciZ (Fig. S1B) .
To further analyze the FtsZ:MciZ interaction, we introduced site-directed modifications into FtsZ. FtsZ carrying an Asp to Arg mutation at position 280 (Asp280Arg) could not stably bind MciZ (Fig. S1C) , probably because of disruption of the aforementioned salt bridge with Arg20. The reciprocal mutation in MciZ, in which we substituted Arg20 to an aspartate (Arg20Asp), also disrupted the FtsZ:MciZ interaction (Fig. S1C) . Thus, the Asp280-Arg20 salt bridge is critical for complex stability. (10) showed that the presence of MciZ would completely prevent the association of FtsZ monomers (Fig. 1D) . Alignment of our structure with five other B. subtilis FtsZ structures (PDB ID codes 2VAM, 2VXY, 2RHL, 2RHO, and 2RHH) showed that binding of MciZ causes no major conformational changes (rmsd of 0.610 Å) (Fig. S1D) , other than the displacement the T7 loop from its usual position. In fact, we cannot observe the density corresponding to the T7 loop (residues 203-208) in our structure (Fig. 1C) , suggesting that it becomes more flexible or unstructured upon binding of MciZ. The T7 loop is critical for FtsZ function, contributing contacts to filament formation and the highly conserved 208NLDFAD213 for GTP hydrolysis (3, 31) . Despite this fact, T7 loop displacement is unlikely to be the direct cause of the inhibition of FtsZ polymerization by MciZ; it could be simply a consequence of steric hindrance by the latter molecule. (Fig. S1E) (28) . In contrast, cappers block the ability of a subunit to bind at one end but leave the other end available to bind to a filament and block further assembly. Cappers thus tend to exhibit effects even at substoichiometric concentrations (32, 33) . To study the mechanism of MciZ inhibition, we monitored the effect of various concentrations of MciZ on the polymerization of FtsZ by light scattering. This showed that as little as a 1:10 ratio of MciZ to FtsZ caused a marked inhibition (about 50%) of the light-scattering signal ( Fig.  2A) . In contrast, treatment of FtsZ with the MciZ-R20D mutant did not affect the levels of light scattering, suggesting that the MciZ effect is specific and dependent on the interaction with FtsZ (Fig. S2A) . Because the light-scattering signal is disproportionately sensitive to polymer size, the 50% inhibition of light scattering by 1:10 MciZ does not necessarily mean that there was a reduction by half in the polymer mass (or polymer bonds). More likely, this substoichiometric inhibition of the light-scattering signal reflects a decrease in length or width (bundling) of the polymers.
To investigate further this substoichiometric poisoning, we carried out electron microscopy (EM) of negatively stained FtsZ polymers formed in the presence of MciZ. Polymerization of 3 μM FtsZ in HMK buffer produced filaments with a length of 200 ± 75 nm (Fig. 2C ). In contrast, reactions with 3 μM FtsZ and 0.3 μM MciZ, the same 1:10 ratio that inhibited light scattering by 50%, showed a reduction in protofilament length to 120 ± 45 nm (Fig. 2D ). This reduction in length caused by 0.3 μM MciZ cannot be explained by a sequestration mechanism, in which the effect of MciZ would be to reduce the concentration of active FtsZ monomers from 3.0 to 2.7 μM. Some filaments without MciZ seem to have higher contrast than those with MciZ, suggesting that they may be small bundles. Thus, the inhibition of light scattering by MciZ may also involve a reduction of bundling, probably as a result of shortening of the protofilaments. Nevertheless, to confirm that the primary effect of MciZ is to reduce the length of protofilaments rather than inhibiting bundling, we tested the effect of higher concentrations of MciZ (0.6 and 1.0 μM) on the polymerization of 3 μM of FtsZ (Fig. S2B) . The results showed shorter protofilaments as MciZ concentration was increased, and no visible structures could be identified at 1.0 μM of MciZ. Because the critical concentration (Cc) of FtsZ in the conditions of our experiments is between 1 and 1.5 μM (see Fig. 5 A and B), it is conceivable that the inhibitory effect of 1.0 μM MciZ added to 3 μM FtsZ could be explained by MciZ sequestering FtsZ to a concentration of active monomers too close to the Cc to allow for assembly. To rule out this possibility, we also did EM experiments with FtsZ-L69W, a mutant protein that has a significantly lower Cc than the wild-type protein (0.5 μM). MciZ shortened FtsZ-L69W filaments as well as affecting wild-type FtsZ (Fig. S2C ), suggesting that it is not acting by sequestration. MciZ is a very potent inhibitor of cell division in vivo, being capable of causing a complete block of Z-ring formation and robust filamentation when induced with as little as 0.1% xylose from a single integrated chromosomal copy ( Fig. 3 A and B) . This finding suggested that MciZ also works substoichiometrically in vivo. To ascertain that theory, we carried out quantitative Western blots of cells expressing GFP-MciZ, using anti-GFP serum and purified GFP as a standard (Fig. 3C ). This process revealed that induction with 0.1% xylose leads to the accumulation of 350 ± 150 molecules of GFP-MciZ per cell (Fig. S3D) . We also quantified the levels of endogenous FtsZ in the same extract ( Fig. S3 C and E), and found 4,200 molecules per cell, similarly to published data that indicates that B. subtilis contains at least 5,000 molecules of FtsZ per cell when grown in rich medium (36, 37) . This result suggests that a ratio of MciZ to FtsZ of less than 1:10 is enough to completely block Z-ring formation and cell division in vivo. between supernatant and pellet fractions. As a control for the specificity of the cosedimentation, we also tested the MciZ-R20D mutant and found that it neither inhibited FtsZ sedimentation nor cosedimented with FtsZ. Even though sedimentation experiments are not fully quantitative (they underestimate polymer because individual protofilaments do not pellet well), the distribution of MciZ between pellet and supernatant fractions suggests it binds preferentially to FtsZ filaments.
To demonstrate binding of MciZ to FtsZ polymers in vivo, we imaged GFP-MciZ and attempted to detect decoration of Z rings with GFP-MciZ. Induction of even low levels of GFP-MciZ in a wild-type strain led to very fast disassembly of Z rings and only rarely could we observe fluorescent Z rings. To improve our observation window, we repeated the experiment in a strain bearing a mutation in FtsZ (T45M) that makes it partially resistant to MciZ. This strain also expressed a low level of FtsZmCherry, to allow for colocalization of MciZ and FtsZ. Induction of GFP-MciZ for short times (15 min) allowed us to detect fluorescent Z rings in a high proportion of the cells (Fig. 4C) . The FtsZ-mCherry rings in Fig. 4C are dimmer than typical Z rings (compare Fig. 4C , Upper and Lower) and tended to localize at division sites that already started to constrict. This result was also observed for the GFP-MciZ rings in the same cells and suggests that the inhibitory effect of MciZ is probably stronger at newer Z rings than in mature rings, in which FtsZ is associated with other divisome proteins that could stabilize it. Despite the atypical appearance, 100% of the GFP-MciZ rings colocalized with FtsZ-mCherry rings (Fig. 4C, Upper) . As a control for the specificity of the GFPMciZ localization, we also imaged a strain expressing GFP-MciZ-R20D, which exhibited no inhibitory effect on Z-ring formation and was found to be completely dispersed in the cytosol, despite the presence of robust FtsZ-mCherry rings in this strain (Fig. 4C,  Lower) . These results indicate that MciZ associates with FtsZ polymers in vivo. Because detection of GFP-MciZ rings requires that more than a few GFP-MciZ molecules decorate each Z ring, these results are further support for the idea that the Z ring is formed by multiple short protofilaments with exposed minus ends.
MciZ Does Not Promote Extensive Depolymerization of FtsZ Filaments.
Substoichiometric effects have been reported before for cappers of actin filaments and microtubules (32, 38) . These cappers usually bind to the growing (plus) end of filaments and restrict exchange of subunits to the minus end. Because the minus end has a higher Cc than the plus end, blocking the plus end leads to extensive depolymerization of filaments, until the free monomer concentration becomes equal to the minus-end Cc (39, 40) . Such depolymerization induced by eukaryotic capping proteins is dependent on, and a hallmark of, treadmilling (41) . To determine if the shortening of FtsZ protofilaments by MciZ involved substoichiometric depolymerization of FtsZ, we used a fluorescence-quenching assay capable of accurately quantifying polymerization (42) . For this assay we constructed the double-mutant FtsZ(S152C/S223W) and labeled the Cys with BODIPY. As with the equivalent construct for E. coli FtsZ, the Trp quenching of the BODIPY fluorescence is decreased by the conformational change accompanying assembly, and the fluorescence increase reports the total protofilament polymer. We used the BODIPY-labeled FtsZ mixed with a ninefold excess of wild-type FtsZ to ensure that the assembly is dominated by the wild-type FtsZ and avoid the bundling observed previously for fully labeled FtsZ (42) . Fig. S5 shows that assembly kinetics reached the overshoot peak in 12 s, a short time consistent with protofilament assembly as opposed to slower bundle formation (40 s to overshoot peak in Fig. 2 A and B) (42) . (Fig.  S6) . However, at a ratio of MciZ to FtsZ higher than 1:10, the GTPase activity started to decrease (Fig. S6) , probably because at high MciZ the reduction in the amount of polymerized FtsZ begins to offset the stimulatory effect of MciZ.
The increase in GTPase specific activity indicates that polymers assembled in the presence of MciZ are more dynamic. The faster dynamics could be because of MciZ increasing the rate of GTP hydrolysis, or the rate of subunit exchange, as both limit the overall GTP turnover by FtsZ polymers (43, 44) . To further investigate the effect of MciZ on polymer dynamics, we applied again the BODIPY fluorescence-quenching assay, but this time to follow the disassembly kinetics of FtsZ filaments after dilution to below the Cc. Disassembly curves were fit to a single exponential with decay time τ. The disassembly of FtsZ polymers in HMK buffer (Fig. 5C ) was much faster in reactions with 1:10 MciZ (τ = 3 ± 2 s), compared with those with FtsZ alone (τ = 10 ± 2 s). A similar effect was observed in reactions in which GTP hydrolysis was blocked by the addition of EDTA (Fig. 5D ). Disassembly in EDTA was slower than with GTP hydrolysis, as reported previously (43) . However, polymers poisoned with MciZ again exhibited faster disassembly than FtsZ alone (τ = 9 ± 2 and 20 ± 3 s, respectively). Because the effect of MciZ is independent of GTP hydrolysis, we conclude that MciZ increases the turnover of FtsZ subunits in filaments, as we explain in the discussion.
Discussion
We applied a combination of structural, biochemical, and in vivo approaches to elucidate the mechanism of MciZ, a developmentally regulated inhibitor of FtsZ polymerization of B. subtilis. Clarifying the molecular effects of the growing roster of FtsZ modulators will be key for a better understanding of Z-ring formation. Our data show that MciZ is a capping protein, and that the inhibition of FtsZ assembly at low MciZ stoichiometries is primarily a result of capping. At high stoichiometries, MciZ is capable of both capping and sequestration of FtsZ. Thus, the identification of the first FtsZ capping protein indicates that the palette of biochemical activities available for the regulation of the bacterial cytoskeleton could be as diverse as the one known to operate on actin and tubulin.
We also exploited MciZ as a probe to try to answer some longstanding questions about FtsZ. The small size of FtsZ polymers has posed a formidable challenge to the understanding of its dynamic behavior. Simple questions, such as whether the polymerization of filaments is asymmetric, or if FtsZ undergoes treadmilling or dynamic instability, have remained unanswered largely because individual FtsZ filaments are shorter than the resolution of the light microscope. By carefully analyzing the effect of MciZ in bulk measurements of FtsZ polymerization, we provide evidence suggesting that fragmentation and annealing are important determinants of FtsZ filament size and that, similarly to tubulin, the plus end is more dynamic than the minus end of FtsZ filaments. We anticipate that the use of MciZ as a reagent in further studies, together with the application of sophisticated imaging methods to visualize filaments, will soon allow the construction of a realistic model of FtsZ polymerization dynamics.
MciZ Binds to the Minus End of FtsZ and Functions as a Filament-
Capping Protein. Our crystal structure of the FtsZ:MciZ complex showed that MciZ binds to the C-terminal polymerization interface of FtsZ-the minus end of the molecule-and impedes further polymerization by steric hindrance. Because binding of MciZ to the minus end does not affect the plus end of FtsZ ( Fig. 1 and Fig. S1D ), MciZ should be able to function as a capper and our data show that this is indeed the case.
The evidence that MciZ is a capper is manifold. First, it binds to filaments in addition to FtsZ monomers (Fig. 4) . Second, it acts at substoichiometric concentrations. At 1:10 MciZ:FtsZ, the light-scattering signal was substantially reduced, and EM showed a reduction in the length of filaments (Fig. 2) . These effects were approximately the same when MciZ was added alone, in a 1:1 complex with FtsZ, and when MciZ was fused to the C terminus of FtsZ (Fig. 2 and Fig. S3 ). The similar effects of free and prebound MciZ can only be explained if the FtsZ:MciZ complex caps the minus end of FtsZ filaments. Third, MciZ increases the dynamics of FtsZ polymers (Fig. 5 B-D) . Above the Cc, FtsZ filaments are thought to be in a steady-state on-off reaction with the pool of subunits. When diluted below the Cc, the on-reaction is eliminated, leaving only the off-reaction. If disassembly occurs primarily from the filament ends, its rate will be proportional to filament length. If the filaments are half as long, and therefore presenting twice as many ends, they should take half as long to disassemble. Because the 1:10 MciZ:FtsZ filaments disassembled two-to three-times faster than FtsZ without MciZ, this suggests that they are two-to three-times shorter. The twofold increase in GTPase promoted by MciZ is also consistent with shorter filaments and increased number of ends. Both results are in good agreement with the EM data, and represent independent demonstrations of filament shortening by MciZ.
SulA, the only other FtsZ inhibitor whose mechanism is well established, also binds to the minus end of FtsZ (26) . Interestingly, however, SulA functions as a monomer sequesterer instead of a capper (27, 28) . Because SulA does not directly occlude the plus end of FtsZ, a monomer bound to SulA could still polymerize using its free plus end, but this does not seem to occur. The reason for the difference in the mechanisms of MciZ and SulA may reside in the details of how these inhibitors interact with the minus end of FtsZ, or may be related to the different affinities that these inhibitors display for FtsZ. SulA displays 10-fold lower affinity for FtsZ than MciZ and may not be able to compete effectively with monomeric FtsZ for binding to filament ends.
How Does MciZ Shorten FtsZ Filaments?
Minus-end cappers (γ-tubulin, Tropomodulin, Arp2/3) generally exert a stabilizing or nucleating role for actin and microtubules (45) (46) (47) . Because the minus end is usually the site of subunit loss (40, 48) , capping of the minus end prevents disassembly and stabilizes filaments. In contrast to the eukaryotic paradigm, MciZ is a minus-end capper that shortens FtsZ filaments and destabilizes the Z ring. To explain this apparent paradox we recall that in addition to affecting the exchange of subunits at filament ends, cappers will also affect annealing, the reaction by which two filaments become joined by their ends. Capping of either end of a filament will block annealing and, depending on how frequent annealing is, it could have a marked effect on filament sizes. Thus, to explain the effect of MciZ on FtsZ filaments we propose a model in which filament length at steady state will depend on the gain and loss of subunits at filament ends and on the balance between filament fragmentation and annealing (Fig. 6) . Because capping of the minus end does not induce extensive depolymerization from the plus end (Fig. 5A) , we postulate that blocking annealing may be an important pathway by which MciZ reduces filament size. Fragmentation and annealing of FtsZ filaments have been observed for filaments adsorbed to mica or supported lipid bilayers (49) (50) (51) , and also in solution (43) , although the rates of these reactions are yet to be precisely determined. Annealing may be particularly important in vivo, when the filaments are concentrated on the membrane at the center of the cell (5, 52). Thus, blocking annealing in vivo would be a powerful way to block the overall assembly of the Z ring.
Our observation that a minus-end capper destabilizes FtsZ filaments is also supported by recent work by Arumugam et al. (51), who produced a truncated FtsZ termed "NZ" that included only the N-terminal subdomain, and found that it also worked as a capper and caused the disassembly of FtsZ bundles on a supported lipid bilayer. This finding indicates that FtsZ filaments are susceptible to capping when assembled in higher-order structures tethered to the membrane, a more physiological situation than our in vitro system, and supports the conclusion that the powerful inhibition of Z-ring formation by MciZ in vivo is a consequence of capping.
MciZ Acts as a Sequesterer at High Concentrations. Cytoskeletal modulatory proteins rarely have a single effect on their targets and it is not unexpected that a capper may also exhibit sequestration effects. For example, tropomodulin, which is a minus-end capper like MciZ, has been shown to bind to actin monomers and promote sequestration at high concentrations (53) . MciZ behaves as a sequesterer at high concentrations, as demonstrated by the increase in Cc app that is approximately equal to the concentration of added MciZ (Fig. 5 A  and B) . SulA produces an increase in Cc app somewhat lower than its concentration, because its 0.7 μM K d is comparable to the K d for FtsZ filament formation [which is equal to the Cc (28)]. MciZ binds with a much higher affinity, K d ∼0.1 μM, measured from trp fluorescence (Fig. S1A) , so the sequestration is approximately equal to the concentration of MciZ. Sequestering activity may be explained as follows. The FtsZ:MciZ complex is sterically blocked at the minus end, making it impossible to bind to the plus end of a filament. The complex can bind to the minus end of a filament but at high MciZ concentration all filament minus ends should already be capped. Thus, the bound subunit is effectively sequestered.
The Polarity of FtsZ Filaments. Some of our results are consistent with FtsZ exhibiting the same kinetic polarity as tubulin. A significant observation is that the capped filaments apparently do not disassemble at the plus end (Fig. 5A) , indicating that the Cc of the plus end is similar or lower than the Cc of the minus end. In addition, because the rate of polymerization in the presence of MciZ is not markedly changed (Fig. S5) , this suggests that the plus end dominates the kinetics of assembly. A more dynamic plus end means that FtsZ filaments should be inherently capable of treadmilling and, in fact, treadmilling has recently been reported for FtsZ filaments tethered to planar lipid monolayers by FtsA (54). However, our conclusion that assembly of FtsZ is maintained primarily at the plus end is the opposite of a previous treadmilling interpretation. Redick et al. made an effort to create FtsZ cappers by making debilitating point mutants of the top and bottom interfaces of E. coli FtsZ (55) . Surprisingly, top-cap mutants, with a debilitating mutation on the upper GTP binding surface were completely inactive. Bottom-cap mutants showed dominant-negative effects in vivo, and blocked GTPase activity when mixed with wild-type FtsZ in vitro; however, these were extremely weak, requiring approximately 10-times excess of the cap mutant relative to wild-type. The differential effect of the top and bottom caps suggested treadmilling, but with reversed polarity relative to tubulin (subunits added primarily to the minus end, and dissociated primarily at the plus end). It is possible that the differential effect of top-and bottom-cap mutants is simply a result of a poorer ability of the top-mutant subunits to associate with filaments. Nevertheless, we will need more information, preferably the direct observation of filaments, before we can resolve the issue of FtsZ polarity.
A Threshold Size for FtsZ Filaments in Vivo?
The substoichiometric inhibition and the high affinity for FtsZ means that MciZ is the most powerful inhibitor of Z-ring formation described to date. This finding makes sense in light of MciZ's function. In contrast with other negative modulators, such as SulA and MinC, whose activity needs to be restricted in space/time or reversed, MciZ acts on a terminally differentiating cell that is going to die. Thus, MciZ effects do not need to be reversed. The substoichiometric effect of MciZ in vivo also suggests that FtsZ filaments have a minimum size, below which a Z ring does not form. Assuming similar effects in vitro and in vivo, our data suggest that halving filament length suffices to block Z-ring formation in vivo. Why do shorter filaments not work? Shorter filaments seem less capable of interacting with FtsA and getting recruited to the membrane (54) . In addition, they may have a lower tendency to make the lateral interactions necessary to form a coherent ring. Further investigation of this hypothesis may produce new insights on the structure and assembly of the Z ring.
Materials and Methods
General Methods. All B. subtilis strains were derived from the wild-type PY79 strain. Final data collection, structure solution, and refinement statistics are in Tables S1 and S2 . Oligonucleotides are listed in Table S3 and plasmids in Table S4 . Purification of FtsZ and the FtsZ:MciZ complex is described in SI Materials and Methods. Immunoblots were performed using anti-GFP and anti-FtsZ antisera. The detailed protocol and procedure to estimate cellular protein concentration can be found in SI Materials and Methods. , respectively) and pAB50 (His 6 -MciZ). Cultures of the E. coli strain BL21(DE3) were grown in LB medium at 37°C to an OD 600nm of 0.6-0.8 and induced with 1 mM isfopropyl-β-D-thiogalactopyranoside. After 3 h of induction at 37°C, cells were harvested by centrifugation and the pellet was resuspended in TNG [25 mM Tris pH 7.4, 100 mM NaCl, 5% (wt/vol) glycerol], TKEG [25 mM Tris pH 8.0, 100 mM KCl, 5% (wt/vol) glycerol, 1 mM EDTA], or HMK buffer (50 mM Hepes, 5 mM MgAc, and 100 mM KAc, pH 7.7). RNase PMSF were added (20 μg/mL and 1 mM, respectively). Cells were broken by sonication, and the sample was centrifuged for 40 min at 30,000 × g. The supernatant was applied onto a 5-mL Histrap column (GE Healthcare) previously equilibrated in a buffer containing 25 mM Tris pH 7.4, 0.5 M NaCl, 20 mM imidazole and the complex was eluted in a linear gradient up to 500 mM Imidazol. Initial crystallization screens were performed at 20°C by the High-Throughput Crystallization (HTX) Laboratory high-throughput crystallization platform (Partnership for Structural Biology, Grenoble, France) at 20°C. Crystals were obtained after 3 d in 1.8 M Na/K phosphate pH 6.9, but the best crystals were obtained after optimization in 1.6 M Na/K phosphate pH 7.0. Crystals were cryoprotected in 30% (wt/vol) glycerol and flash-cooled in liquid nitrogen. Data collection was performed on the ID14-EH4 beamline at the European Synchrotron Radiation Facility (Grenoble, France) and processed and scaled using XDS (1) . Crystals belonged to space group P6 5 22 with nine molecules per asymmetric unit. The structure was solved by molecular replacement by using Phaser (2) and the structure of FtsZ in the apo form (PDB ID code 2VXY) as a search model. Cycles of refinement and model building were performed with Refmac 5.6 (3), Phenix (4), and Coot (5). The quality and stereochemistry of the final model was checked with Sfcheck (6, 7) . Final data collection, structure solution, and refinement statistics are in Table S1 . NOESY spectra with 300 ms of mixing time were collected with 512 datapoints in F1 and 4,096 datapoints in F2 with 32 transients. Water suppression was achieved using WATERGATE pulse sequence (8) . All spectra were recorded on a 600-MHz Agilent NMR spectrometer and processed with the NMRPipe/NMRDraw software package (9) .
Supporting Information
1 H chemical shifts were assigned according to classic procedures and NOE cross-peaks were assigned within the NMRView software (9) . The structure was calculated in a semi-automated interactive manner with the program CYANA v2.1, using 100 starting conformers. CYANA 2.1 protocol was applied to calibrate and assign NOE cross-peaks. Distance constraints were obtained from the volume integration of NOE correlations, using the NMRView software. After the first few rounds of automatic calculations, the NOESY spectra were analyzed again to identify additional crosspeaks consistent with the structural model and to correct misidentified NOEs. Final structures were displayed and analyzed using the PyMOL program (The PyMOL Molecular Graphics System, v1.5.0.4, Schrödinger). Final data collection, structure solution, and refinement statistics are in Table S2 . Kinetics. All assembly experiments were done in HMK buffer (50 mM Hepes, 5 mM MgAc, 100 mM KAc, pH 7.7). Light scattering was carried out using a Hitachi F-4500 fluorimeter, with an excitation and emission wavelengths of 350 nm. Protein samples were equilibrated in HMK buffer at room temperature and the reaction was started adding it to a cuvette with GTP (final concentration of 2 mM). The double-mutant FtsZ-S152C+S223W was conjugated with BODIPY FL N-(2-aminoethyl)maleimide (Molecular Probes) as described previously (11, 12) . The labeled FtsZ was diluted 10 times with unlabeled wild-type FtsZ to avoid bundle formation. Assembly kinetics was registered using excitation at 490 nm and measuring emmission at 515 nm. Disassembly was carried out by first polymerizing 5 μM FtsZ until the steady-state and then diluting it 10 times to a concentration of 0.5 μM (bellow the Cc). The assembly reactions were made in HMK and MEK (50 mM Mes, 1 mM EDTA, 100 mM KAc, pH 6.5) buffers, as indicated.
Negative-Staining Electron Microscopy. FtsZ protofilaments were imaged at 50,000× magnification in a Philips 420 electron microscope, as described previously (13) . Polymerization reactions with 3 μM of FtsZ (with and without MciZ and the FtsZ-MciZ fusion, when indicated) were started with GTP 0.5 mM and after 30 s a 10-μL sample was added to a UV/ozone treated carboncoated copper grid (14) . The sample was immediately stained with 2% (wt/vol) uranyl acetate.
GTPase Activity of FtsZ. GTP hydrolysis rates were measured by a malachite green assay kit (BioAssay Systems) in 96-well plates using a Synergy HT plate reader (Bio-Tek). The reactions were carried out in HMK buffer at 37°C and started by adding 2 mM GTP. Reaction aliquots of 10 μL were taken every 2 min and added to 170 μL of a 10 mM EDTA solution. After all points were taken, the malachite green reagent was added and the A 620nm was measured after 30 min. Phosphate standards ranging from 0 to 40 μM were used to construct a standard curve. The slope of the linear region of the curves was used to determine the hydrolysis rate at each FtsZ concentration Live Cell Fluorescence Microscopy. A Nikon Eclipse TiE microscope equipped with a Plan APO VC Nikon 100× objective (NA = 1.4), a 25-mm SmartShutter, and Andor EMCCD i-Xon camera was used for live-cell fluorescence microscopy. Cells from AB286 [thrC::ftsZ-mCherry (mls) amyE::Pxyl-gfp-mciZ (cat) ftsZΩftsZ T45M (tet)] and AB287 [thrC::ftsZ-mCherry (mls) amyE::Pxyl-gfp-mciZ-R20D (cat) ftsZΩftsZ T45M (tet)] strains were grown to exponential phase and visualized on a slide covered with LB 0.25× (i.e., LB diluted four times) solidified with 1.5% (wt/vol) agarose. Cells membranes were stained with 5 μg/mL FM5-95 (Molecular Probes). Images were captured using NIS software v3.07 (Nikon) and a GFP BrightLine filter set, with 2 s of exposure time for GFP-MciZ and for membranes. Images were processed using ImageJ software v1.45s (imagej.nih.gov/ij/).
Quantitative Immunoblotting of GFP-MciZ. Bacillus subtilis cells carrying a copy of the gfp-mciZ fusion under control of the P xyl promoter [AB150 strain amyE::Pxyl-gfp-mciZ (cat)] were grown to exponential phase and xylose was added to a final concentration of 0.1%. The cells were grown for 2 h, centrifuged, and resuspended in 100 mM Tris, pH 7.5. Cell lysates were obtained by lysozyme treatment and sonication, and the soluble fraction was separated by SDS/PAGE. Immunoblotting was performed using sera raised against GFP or FtsZ and anti-rabbit antibodies conjugated with HRP (Pierce). Purified GFP (5, 10, 20, and 40 ng) and FtsZ samples (40, 90, 180 , and 250 ng) were used to construct the standard curves. Both curves and samples were repeated in triplicate. Band measurements were performed using ImageJ v1.45s. The number of molecules per cell of GFP-MciZ and FtsZ were estimated by converting the calculated mass to number of molecules and dividing by the extract volume ran on the gel (5 μL) and the colony-forming units obtained from plating serial dilutions of the culture used to make the extract (10 5 cfu/μL).
Sedimentation Assay with FtsZ-FITC and MciZ-TMR. Polymerization of FtsZ was carried out in a 1:10 ratio of labeled FtsZ-FITC and unlabeled FtsZ (1 μM and 9 μM, respectively), together with 0 and 250 nM of MciZ and MciZ-R20D. The reaction was started by adding 2 mM of GTP, on HMK buffer with 25 mM of CaCl 2 . Samples were incubated for 5 min and centrifuged for 10 min at 350,000 × g in a Beckman centrifuge, using a TLA100 rotor. The supernatant was collected and the pellet resuspended with the same volume. FtsZ and MciZ emission spectra were obtained by excitating at 490 nm (FITC) and 550 nm (TMR). 
